Microscale fluidic manipulation using traveling-wave, induction electrohydrodynamics is demonstrated. A three-phase traveling-wave device fabricated for the experiments provides a temporally and spatially varying electric field which helps induce ions in a fluid subject to a temperature gradient. These ions are moved as the traveling wave propagates, resulting in a drag force being exerted on the surrounding fluid. Repulsiontype electrohydrodynamic flow is visualized in a microchannel of depth 50 µm, and results are presented in terms of velocity measurements using particle image velocimetry.
INTRODUCTION
Microfluidics as a means to facilitate the transfer of heat and mass, as well as varied driving mechanisms for microfluidic flows, have received much attention in recent years [1, 2] . Microchannels have gained acceptance in the thermal community as a viable option for electronics cooling [3, 4] . Reduction of package size, weight and cost while maintaining high heat transfer coefficients for removal of increasing power densities have been the driving concerns. Significant attention has also been given to use of fluids to transport biological materials [5] . Portability, disposability, cost, and sample and reagent volume reduction have been compelling reasons for the use of microdevices for biological materials handling. Micropumping solutions are an important research area to facilitate broader use of microfluidics.
Among the different methods of flow actuation, electrohydrodynamics (EHD) has been used to effectively exploit the existing temperature gradient in thermal systems for flow generation. Although EHD has been studied for many years [6] [7] [8] [9] [10] , it has more recently emerged as a potential micropump driving mechanism due to its miniaturization potential [11, 12] . Traveling-wave, induction EHD is one method of flow actuation in which a gradient in the electrical properties of the fluid is established through the depth of the microchannel in response to a thermal gradient. Ions are induced near the electrode boundary that relax in time but can be manipulated with a traveling-wave voltage boundary condition. Repulsion-type induction EHD occurs when the applied heat and traveling wave are on the same side of the channel and results in the fluid being repulsed in a direction opposite to that of the traveling wave ( Figure 1 ). As opposed to the more common method of electroosmosis in silica-based channels, EHD does not require a charged surface resulting from spontaneous deprotonation. Further, existing temperature gradients present in cooling applications can be exploited to produce the EHD driving force. Melcher and Firebaugh [7] , in an early EHD model, used the electric shear approach to calculate the flow profile due to induction EHD by neglecting the time and space variation in induced charge density. Later models have considered a similar approach using the electric shear stress but have included developing flow as well [8, 9] . The effects of substrate selection, heating caused by illumination for flow visualization and Joule heating on traveling-wave EHD devices have also been explored numerically [13, 14] . A force-density approach, which can predict the induced charge density as a function of both space and time, was used to numerically model induction EHD [15] . The design and experimental characterization of travelingwave, induction EHD devices operating in a fluid repulsion mode are presented in the current work, with experimental results reported in terms of average velocities.
DESIGN AND TESTING OF EXPERIMENTAL DEVICE
An EHD micropump that employs a traveling-wave voltage boundary condition has been fabricated. The device is comprised of three distinct layers that have been surfacemicromachined on a Pyrex wafer: a layer of parallel electrodes and a layer of bus bars separated by a dielectric thin film. Fabrication was conducted at the Birck Nanotechnology Center at Purdue University and a brief description of each layer now follows. A series of parallel electrodes were deposited on a Pyrex 7740 substrate by evaporating ~0.5 µm of Al with a CHA ebeam evaporator and patterned using an Al wet etch with traditional lithography techniques for AZ 1518 photoresist. The electrodes cover roughly a 1 cm 2 area with a number of contact pads on both ends of the electrodes (Figure 2a ). The electrode width and spacing are 8 µm and 12 µm, respectively. The reduction of electrode pitch by using microfabrication techniques such as photolithography to define small features on this order has also reduced the applied voltage requirement to achieve high electric fields useful for pump operation. PECVD oxide was used as the dielectric layer used to separate the electrode array and bus bar layers. A blanket layer (~0.6 µm thickness) of oxide was deposited directly on top of the electrode array using a BenchMark Axic PECVD system. Vias were etched into the dielectric film using CHF 3 in an RIE process and patterned using AZ 1518 as a mask. These via windows allow electrical contact between the bus bars and the underlying electrodes. A final metallization using a Perkin Elmer sputter deposition system deposited a ~0.5 µm Al layer on top of the dielectric thin film in a conformal fashion. Since aluminum oxide can form on the underlying evaporated Al, a brief sputter-etch was performed under vacuum before deposition. The bus bars were then patterned by wet-etching areas exposed after AZ 1518 photolithography. Three bus bars were designed into the structure so that every third electrode is connected (Figure 2 ).
Experiments to actuate flow using repulsion-type EHD were performed using the setup in Figure 3a . The surfacemicromachined electrode array is on top of the Pyrex die, interior to the channel. A silicone gasket (Adhesives Research ARclad® 7876, 50.8 µm thickness) with double-sided adhesive was used to attach a glass cover slide to the electrode die and create a recirculating channel flow path approximately 5 mm wide and 50 µm deep. Thus, the completed channel is comprised of the 3-phase electrode boundary as the lower wall, a glass slide as the top wall and the silicone adhesive as the side walls.
A custom three-phase pulse generator was used to electrically activate each of the three phases in the fabricated circuit (Figure 3b ). Joule heating from the applied electrical boundary condition was used to establish the temperature gradient. The lower wall temperature is monitored with a thermocouple mounted on the exterior of the channel, below the electrode array. With the electrical and thermal boundary conditions established, the flow was visualized by seeding the liquid with small fluorescent polystyrene particles (Duke Scientific, 0.86 µm diameter, 0.01% by volume). The working fluid chosen for the experiments was a 2.18 x 10 -5 M KCl solution (with a nominal electrial conductivity of 3.56 µS/cm at 25.0° C). After seeding with polystyrene particles suspended in a surfactant, the resulting fluid conductivity was measured to be σ ≈ 6 µS/cm at 22.0° C.
Time-resolved images for particle image velocimetry (PIV) were captured through a microscope with a 50X objective and an attached Photron Ultima APX high-speed camera at 20 fps. The camera can provide a full pixel resolution of 1024 x 1024
at this frame rate; with the 50X objective, the corresponding spatial resolution is approximately 0.34 µm. The inset of Figure 4 illustrates a sample image of the particles in suspension. For a numerical aperture of 0.5 and an emission wavelength of 612 nm, the depth of field is 3.3 µm and the measurement depth is 12.7 µm. Thus, the measurement depth covers a significant portion of the channel depth (roughly 25%). Once the images were recorded after the flow left the pumping section of the flow path, flow recirculation was observed at a secondary location prior to the entrance of pumping section. Images were obtained at a location outside the electrode region to ensure that the bead motion was due to induced fluid flow, and not, for instance by dielectrophoretic motion of the beads alone within the fluid (see also Figure 2a) . Further, the flow direction confirms that it was indeed repulsion-type EHD as the direction was opposite that of the traveling wave.
RESULTS AND CONCLUSIONS
Results were obtained for the 3-phase, traveling-wave device operating at 20 V and 30 V and several traveling-wave frequencies. Joule heating from the electrode array was used to establish the temperature difference across the channel depth series of 334 images were obtained sequentially at 0.05 s increments and used to perform a particle image velocimetry (PIV) analysis using research software EDPIV (developed at the Institute of Fluid Mechanics at the University of Essen in Germany, Iowa Institute of Hydraulic Research at the University of Iowa, and Purdue University). A traditional correlation-based approach was used with a multi-pass interrogation routine and Fast Fourier transforms to accelerate the analysis. The velocity field, as well as the mean and maximum velocities in the in-plane direction, were obtained in this manner.
PIV analysis was performed using 100 and 200 sequential frames in addition to the full 334 image set to establish convergence of the solution and ensure accurate results. The results changed by less than 5% when the number of images interrogated was increased from 100 to 200. This difference further decreased to less than 2.5% as the interrogated image set increased to 334. All velocities reported herein were obtained using the full 334 image set. Further, the standard deviation of the resulting velocity vectors in the 150 µm square interrogation area was less than 11% for all cases. At a driving voltage of 20 V and frequency of 122.1 kHz, the mean and maximum velocities were 20.6 µm/s and 24.5 µm/s, respectively. When the voltage was increased to 30 V, the mean and maximum velocities increased to 81.4 µm/s and 92.4 µm/s, respectively. As the fluid passes through the section of interest identified in Figure 3a , the flow is mainly in the positive x-direction as indicated by the near-horizontal velocity field shown in Figure 4 for the 30 V case at 122.1 kHz. As both devices were operated under temperature gradients established by Joule heating, the 20 V case had a lower heaterside temperature than the 30 V cases. Traveling-wave EHD flows are not only dependent on the driving voltage; the traveling wave frequency also plays a significant role in the resulting velocities. For a 30 V input, it is clear that the lowerwall temperature has some frequency dependence (see also  Table I ). Specifically, the lower-wall temperature appears to increase with increasing frequency. While a rise in temperature will affect the temperature-dependent electrical properties, it is actually the gradient of these properties that is most significant for increasing velocity, assuming operation at the ideal frequency. Ideally, the traveling wave frequency should correspond to the charge relaxation time (f = 1 /2πτ, where τ = ε r ε 0 /σ) such that the charges are able to fully transit from one electrode to the next without suffering long residence times before the voltages assigned to the electrode array change. If the frequency is lower, induced charges reach their equilibrium position opposite the traveling wave quickly and the tangential shear exerted on the fluid is small. At high frequencies, the relaxation process inhibits charge from accumulating at the surface, also reducing the shear stress [16] . If we assume a 30 °C fluid temperature and a rise in conductivity of 0.022 / °C [11] , then the resulting ideal traveling-wave frequency is 166 kHz, assuming a relative permittivity ε r = 76.2 [17] . Therefore, we might expect that the maximum velocity would occur between the two extreme frequencies of 49.98 and 199.6 kHz in Table I . Figure 1 illustrates a similar maximum for the 30 V cases at the 122.1 kHz driving frequency. In conclusion, repulsion-type induction EHD has been demonstrated as a voltage-and frequency-dependent flow actuating mechanism. Velocities as high as 81.4 µm/s were obtained at a driving voltage of 30 V and 122.1 kHz frequency. Additional devices are currently being fabricated to separate the electrode/bus bar dielectric film from the electrode/fluid dielectric film and obtain results under a variety of test conditions including external heating with higher flow velocities and maximum back pressure conditions.
